In adults, reporting low and high maternal care in childhood, we compared DNA methylation in two stress-associated genes (two target sequences in the oxytocin receptor gene, OXTR; one in the brain-derived neurotrophic factor gene, BDNF) in peripheral whole blood, in a cross-sectional study ( 0.192). Hence, low maternal care in childhood was associated with greater DNA methylation in an OXTR and a BDNF target sequence in blood cells in adulthood. Although the study has limitations (cross-sectional, a wide age range, only three target sequences in two genes studied, small effects, uncertain relevance of changes in blood cells to gene methylation in brain), the findings may indicate components of the epiphenotype from early life stress.
Introduction
Parental care is crucial for the establishment of mental health for the offspring across life. Experiencing poor parental care during childhood increases the risk of abnormal psychological and endocrine responses to stress (Albers et al., 2008; Engert et al., 2010) , abnormal neuronal functioning (Belsky & de Haan, 2011) and mental disorders later in life (Bowlby, 1969; Enns et al., 2002; Knappe et al., 2012) . The molecular pathway underlying these associations is not yet fully elucidated. Increasing evidence suggests that early adverse experiences, especially low maternal care, alter DNA methylation with disadvantageous consequences for behavior and health later in life (Zhang et al., 2013) .
DNA methylation is an epigenetic mechanism, by which a methyl-group covalently attaches to typically a cytosine followed by a guanine (CpG) in the DNA strand (Auclair & Weber, 2012) . Several rodent studies found aberrant DNA methylation of stress-related genes in brain tissue of offspring exposed to an adverse early (maternal) environment (Champagne et al., 2006; McGowan et al., 2011; Murgatroyd et al., 2009; Roth et al., 2009; Weaver et al., 2004; Zhang et al., 2010) . Recent human studies on epigenetic consequences of early life stress suggest similar processes. In post-mortem brain tissue, DNA methylation of the glucocorticoid receptor gene (NR3C1) and promoter regions of several other genes differed between suicide victims, who experienced childhood abuse compared to subjects without these experiences (McGowan et al., 2008 (McGowan et al., , 2009 ). In human peripheral blood, individuals who experienced early life stress, including low maternal warmth and affection, showed differences in DNA methylation of stressrelated genes compared to those without this experience (Bick et al., 2012; Kerschensteiner et al., 1999; Naumova et al., 2012; Perroud et al., 2011 Perroud et al., , 2013 Tyrka et al., 2012) . Taken together, these studies suggest that early life adversities are associated with long-term changes in DNA methylation of stress-associated genes. Thus, investigating additional stressrelated candidate genes could extend our understanding of an epiphenotype of early life stress in humans.
In our study, we investigated the brain-derived neurotrophic factor gene (BDNF) as a first candidate gene. BDNF encodes for a neuronal growth factor involved in neuronal development, -plasticity and -protection and is expressed in neurons as well as in peripheral blood mononuclear cells (Binder & Scharfman, 2004; Kerschensteiner et al., 1999) . Epigenetic studies in rodents have shown that early life stress resulted in a higher DNA methylation status of BDNF in neuronal tissue (Roth et al., 2009) . Moreover, results from clinical studies suggest an involvement of increased BDNF DNA methylation in the etiology of stress-related mental disorders in humans (D'Addario et al., 2012; Dell'Osso et al., 2014; Fuchikami et al., 2011; Kang et al., 2013; Keller et al., 2010; Perroud et al., 2013) . Notably, Perroud et al. (2013) reported early maltreatment-related changes in BDNF DNA methylation measured in peripheral blood cells. This indicates that BDNF DNA methylation measured in the periphery could be sensitive to environmental cues, which is also supported by a recent finding in mice demonstrating associations of BDNF DNA methylation between neurons and blood cells (Kundakovic et al., 2015) .
The oxytocin receptor gene (OXTR) was included as a second candidate gene, because oxytocin signaling modulates the stress response centrally as well as peripherally (Carter, 2003; Petersson et al., 1999; Uvnas-Moberg, 1998) and plays a crucial role in maternal behaviors (Russell et al., 2003) . Furthermore, the oxytocin system seems to be sensitive to stress experiences (Heim et al., 2009; Meinlschmidt & Heim, 2007) . Finally, OXTR DNA methylation measured in peripheral blood samples could be linked to brain activity and behavior (Cecil et al., 2014; Dadds et al., 2014; Gregory et al., 2009; Jack et al., 2012) .
Based on these findings, the aim of this study was to examine an association between maternal care during childhood and DNA methylation in the BDNF and OXTR in human peripheral blood. We compared DNA methylation in one target sequence (TS) in BDNF and two target sequences in OXTR (referred to as BDNF TS , OXTR TS1 and OXTR TS2 ) between adults reporting high versus low maternal care during childhood and adolescence. We hypothesized that DNA methylation would differ between adults reporting low compared to those reporting high maternal care during childhood. Because DNA methylation was shown to be blood cell type specific for certain loci (Adalsteinsson et al., 2012) and early life adversities are associated with changes in blood cell distribution (Surtees et al., 2003) , we estimated the effect of differential blood cell count as a potential mediator in the association between maternal care and DNA methylation. Specifically, we hypothesized that differential blood cell count would mediate a potential association between maternal care and DNA methylation of the investigated target sequences. Confirmation of this hypothesis could indicate that maternal care-associated differences in DNA methylation are secondary to differences in blood cell count.
Methods

Participants and procedure
The initial sample of this cross-sectional study consisted of 89 adults. They were selected from an ad-hoc sample comprising 709 university students, who were recruited at a preliminary screening conducted at the University of Basel in 2007. All participants completed the Parental Bonding Instrument (PBI) (Parker et al., 1979) and gave written informed consent. Those participants who scored below a cut-off of 27 or above 33 on the subscale maternal care of the PBI were invited to a personal appointment. As we recruited participants from a generally highly functioning target population we did not apply any specific exclusion criteria. All appointments took place at the facilities of the University of Basel, Switzerland, from late 2007 to early 2008. Participants were asked to arrive to the laboratory with fasting between 08:00 h and 09:00 h. After written informed consent was obtained, a study nurse took two blood samples of 2.7 ml each, from a brachial vein, at room temperature using EDTA Monovettes (Sarstedt, Nümbrecht) for DNA extraction and blood cell count. Thereafter, participants completed questionnaires on sociodemographic data and medical history. The study was approved by the local ethics committee, Basel (Ethikkommission beider Basel, EKBB) and was carried out in accordance with the latest version of the Declaration of Helsinki.
Blood samples of four participants could not be analyzed due to a lack of blood sample, hence these participants were excluded from all subsequent analyses. The participants' sociodemographic characteristics are depicted in Table 1 and a flow chart of study participation is given in Figure 1 . The resulting sample consisted of 85 participants: 45 reported low (34 were females), 40 high maternal care (33 were females). Women (n ¼ 67) and men (n ¼ 18) were equally distributed between the maternal care groups ( 2 (1) ¼ 0.612, p ¼ 0.59). Age ranged from 19 to 66 years in the low care group and from 20 to 46 years in the high care group with an overall mean age of 27.5 years (SD ¼ 8.4 years, 95% confidence interval ¼ 25.6-29.3 years) and median age of 24 years. Age range is illustrated in supplementary Figure S1 . All participants were of European origin.
Maternal care
Maternal care was assessed using the PBI (Parker et al., 1979) , which measures maternal care during the first 16 years of life on 12 items. Participants responded on a 4-point Likert scale to which extent different statements about perceived maternal care applied (0 ¼ not true; 3 ¼ very true), with high scores indicating high-caring mothers. Although the PBI not only assesses maternal care, but also maternal overprotection, we focused on the dimension of maternal care and recruited participants when scoring below a cut-off of 27 or above a cut-off of 33 on the respective subscale in a preliminary screening. We chose this subscale due to earlier studies identifying low maternal care as a strong risk factor for later mental health (Enns et al., 2002) and due to previous experiments investigating animal models of maternal care (Champagne et al., 2006; Weaver et al., 2004) . A similar recruitment strategy was successfully applied in a previous study on maternal care in humans (Pruessner et al., 2004) . For all analyses, participants were stratified into a high and a low maternal care group according to recruitment strategy.
Psychometric studies on the PBI maternal care score suggest a satisfactory validity and reliability in non-clinical samples, with Cronbach's alpha scores ranging from 0.85 to 0.91 (Brewin et al., 1992; Parker, 1989; Richman & Flaherty, 1986) . Reliability analyses in our sample yielded a Cronbach's alpha of 0.96 for the maternal care scale of the PBI, indicating high internal consistency.
Despite the retrospective nature of the questionnaire, a high stability over a 20-year period was demonstrated for the maternal care ratings in a previous study (retestcorrelation ¼ 0.73, 95% CI ¼ 0.62-0.84) (Wilhelm et al., 2005) . In a subsequent study, sex, lifetime history of depression, becoming a parent or number of reported life events did not influence the 20-year stability of maternal care ratings (Murphy et al., 2010) . Although there seems to be an influence of experimentally induced depressed mood on maternal care ratings on the PBI (Gerlsma et al., 1992) , a majority of studies on naturalistic mood states did not support a mood bias for the PBI (Gotlib et al., 1988; Parker, 1981) .
Parenting validity studies on PBI maternal care scores reported correlations of r ¼ 0.74 for monozygotic and r ¼ 0.63 for dizygotic twin pairs (Parker, 1986) . Furthermore, ratings of perceived maternal care were correlated with other instruments assessing parenting, such as the ''Egna Minnen av Barndoms Uppfostran for adolescents'' (EMBU-A) scale assessing maternal ''emotional warmth'' (r ¼ 0.64) (Gerlsma et al., 1991) , or the ''childhood experience of care and abuse questionnaire'' (CECA-Q) scale for neglect (r ¼ À0.68) and antipathy (r ¼ À0.75) (Bifulco et al., 2005) .
Blood and DNA methylation analysis DNA was extracted from whole blood using Puregene (Qiagen, Venlo, The Netherlands) according to manufacturer's protocol. Samples were stored at -80 C for subsequent DNA methylation analysis. 540 ng of genomic DNA was treated with sodium bisulfite using the EZ-96 DNA MethylationÔ Kit (Zymo Research, Irvine, CA) according to manufacturer's standard protocol. For each run, four test samples of bisulfite converted DNA (single stranded) were quantified using NanoDrop (Thermo Scientific, Wilmington, DE). Bisulfite polymerase chain reaction (PCR) amplification of one target sequence in BDNF (BDNF TS ) and two target sequences in OXTR (OXTR TS1 , OXTR TS2 ) was conducted using Hot Star Taq DNA polymerase (Qiagen, Venlo, The Netherlands). The BDNF TS around the 3 0 -end of BDNF exon VI is situated mainly within a CpG island -a region with a high density of CpG sites -that covers BDNF exons V, Vh and VI (Pruunsild et al., 2007) . BDNF exon VI was selected due to its expression in the non-neuronal tissue of the periphery and its location within one of the CpG richest regions of the BDNF gene (Pruunsild et al., 2007; Timmusk et al., 1993) . OXTR TS1 is located in the protein-coding region of OXTR exon III; the OXTR TS2 partly covers the non-coding and protein-coding regions of OXTR exon III. Both target sequences were designed to cover parts of the OXTR CpG island comprising exons I to III (Kusui et al., 2001) . Schematic diagrams of BDNF and OXTR with the exact location of target sequences are given in Figure 2 . PCR products were inspected using gel-electrophoresis on 1.5% agarose gel. Samples were then prepared according to manufacturer's instructions for quantitative DNA methylation analysis using EpiTYPER 1.0 (Sequenom Inc., San Diego, CA). For each run, a fully methylated positive control (New England BioLabs Õ Inc., Ipswich, MA) and a blank control (distilled water) were included. The assays for the amplicons were designed using the Sequenom EpiDesigner software (San Diego, CA) (for information on primers, see supplementary information).
We analyzed blood cell count using Sysmex PocH-100iÔ (Kobe, Japan). As only white blood cells have a nucleus containing DNA, we considered the relative number of leukocytes as potential mediators in the association between maternal care and DNA methylation, more specifically percentage of lymphocytes (small leukocytes), neutrophil granulocytes (large leukocytes) or middle-sized blood cells, consisting of monocytes, and eosinophil and basophil granulocytes. with the values of the fully methylated positive control: if the value of the sample exceeded the value of the positive control, the value was set missing. All blank controls were negative. (iv) Finally, we identified potentially unreliable samples by setting outlier values as missing data (!3 standard deviations from mean methylation of the respective CpG unit). By conducting missing value analyses separately for each gene, participants with 420% missing data were identified and excluded from the statistical analyses of the respective gene (BDNF TS : n ¼ 1; OXTR TS1 : n ¼ 2; OXTR TS2 : n ¼ 1). The distribution of the raw data for each CpG is shown in Figure 3 . Methylation values of BDNF TS and OXTR TS2 were ln-transformed to meet assumptions of normality (Methylation ¼ ln (5%meC methylation + 0.02)+4).
Statistical analysis
In OXTR TS1 , CpG unit 3 and 4 had identical DNA methylation values. In OXTR TS2 , DNA methylation values were identical for CpG unit 3 and 11, and for CpG unit 12, 14 and 21. Repeated values of the duplicate and triplicate CpG units had to be excluded to perform the mixed model analyses. In a last step, we identified CpGs with at least 1% interindividual variance and included them in the statistical analyses (BDNF TS : 7 CpG units; OXTR TS1 : 6 CpG units; OXTR TS2 : 17 CpG units). We used a covariance pattern model (Fitzmaurice et al., 2011) , a type of mixed model, to analyze associations between maternal care and DNA methylation for each target sequence separately. In covariance pattern models, the covariances among the repeated measures are modeled directly. The choice of the specific covariance pattern was based on the best model fit as indicated by the Akaike Information Criterion (AIC) and was ''unstructured'' for all target sequences (i.e. all variances and covariances were estimated independently).
We were particularly interested in the association of maternal care and DNA methylation of the target sequences, given repeated measures of CpGs and controlling for batch number, sex and age. These variables were included in all analyses due to their previously described associations with DNA methylation and parental care (Horvath et al., 2012; Tam & Yeoh, 2008; Zhang et al., 2011) . Therefore, our main model contained maternal care, age, sex and batch number as predictors and CpG unit as repeated measure variable. Sociodemographic variables with significant group differences (body mass index, income, mental disorders, see Table 1) were not associated with DNA methylation and therefore not investigated further (except for age and sex, see above).
Effects were tested using Log-Likelihood test, i.e. by comparing the fits of nested models including or excluding maternal care group, sex and age. In subsequent analyses, we investigated differential blood cell count in percent as a potential mediator, using a multilevel mediation model as suggested by Preacher and colleagues (2010) .
Data preparation and data checks were conducted using IBM SPSS 20 (Armonk, NY). Covariance pattern models were analyzed using R, version 3.1.0 (R Development Core Team, 2014), including the package nlme (Pinheiro et al., 2013) . Mediation models were calculated using the software Mplus6 (Los Angeles, CA) (Muthén & Muthén, 1998 ). An alpha level of 50.05 was considered significant. DNA methylation values are presented as percent of 5 0 cytosine methylation (%5meC).
Results
In the BDNF TS , DNA methylation was greater in the low maternal care group (L-Ratio(1) ¼ 4.47; p ¼ 0.035) as compared to the high maternal care group (Table 2) . We found no effects for sex (L-Ratio (1) (2001) for OXTR. CpG islands are shown in brackets, according to human genome browser at UCSC (Kent et al., 2002) . The position of the three target sequence in the DNA and the exact base sequences are given below the respective genes. Underlined: CpG sites; struck through CpG sites: could not be analyzed due to high or low detection limits or 420% missing data; CpG numbers: corresponding CpG unit number. methylation in OXTR TS2 compared to women (Likelihood Ratio(1) ¼ 7.33; p ¼ 0.007) but no association of DNA methylation with age (Likelihood Ratio (1) an effect for the relative number of middle-sized blood cells (L-Ratio(1) ¼ 4.80, p ¼ 0.03).
In Figure 3 , we illustrate distribution of the DNA methylation values as yielded by Sequenom EpiTYPER (San Diego, CA). We provide test statistics and further details, such as means, standard errors and inter-individual variance for each individual CpG unit as well as mean differences between maternal care groups in supplementary Table 1 .
Discussion
We examined DNA methylation of two stress-related candidate genes -one target sequence in BDNF and two target sequences in OXTR -in peripheral blood of adults reporting high or low maternal care during childhood and adolescence. We found that low maternal care was associated with greater whole blood DNA methylation of the BDNF TS and the OXTR TS2 compared to high maternal care. We did not find any indication that the associations of maternal care with BDNF TS or OXTR TS2 DNA methylation were mediated by differential blood cell count. Moreover, the results did not substantially change after controlling for symptoms of depression (data not shown). We did not find any maternal care-related differences in DNA methylation in OXTR TS1 .
Greater DNA methylation in the BDNF and OXTR TS2 in participants reporting low compared to those reporting high maternal care provides evidence for epigenetic changes related to early adverse experiences. As BDNF functioning is implicated in neuronal development and neuroprotection (Binder & Scharfman, 2004; Kerschensteiner et al., 1999) and the oxytocin system is involved in the dampening of the stress response (Carter, 2003) , we speculate that maternal care-associated changes in DNA methylation of the OXTR might provide a potential mechanism contributing to the differences in stress-reactivity (Engert et al., 2010) and the increased risk to develop a mental disorder later in life after experiences of low parental care (Enns et al., 2002) . Of note, the differences in DNA methylation between high and low maternal care were small and the rationale for using peripheral blood as indicators of processes in the central nervous system is still under debate. Although DNA methylation differs greatly between cell types, environmentally induced alterations in DNA methylation might affect different kinds of cells similarly (Davies et al., 2012; Kundakovic et al., 2015) . Our results are in line with (i) Perroud et al. (2013) reporting aberrant BDNF DNA methylation in human peripheral blood cells after experiences of early maltreatment, and (ii) findings by Cecil et al. (2014) demonstrating an association between parental risks at the age of 8 to 9 years (e.g. parental psychopathology) and OXTR DNA methylation in peripheral blood of children with internalizing problems at 9 years. However, previous studies did not investigate the same target sequences as were studied here.
In the BDNF TS and OXTR TS2 , the indirect and direct effect from the mediation model were both non-significant indicating that neither the relative number of neutrophil granulocytes is a mediator in the association between maternal care and DNA methylation of OXTR TS2 , nor does maternal care simply have a direct impact on DNA methylation, despite a total effect. This finding emphasizes the need to scrutinize further potential mediators, since additional variables could mediate the association between maternal care and DNA methylation in OXTR TS2 . Finally, it seems that differences in DNA methylation in the OXTR were limited to the OXTR TS2 target sequence, as we did not find any maternal care-related differences in OXTR TS1 .
Low maternal care did not predict DNA methylation of OXTR TS1 . In a previous study by our group, DNA methylation changes were related to acute psychosocial stress in the same assessed OXTR TS1 target sequence (Unternaehrer et al., 2012) , which was independent from stress-related changes in blood cell count. Therefore, we hypothesize that DNA methylation in this target sequence could be more sensitive to acute psychosocial stress as compared to early life stress. Finally, we found greater OXTR TS2 DNA methylation in women compared to men.
Although the purpose of this study was not to analyze specific CpG units individually, we emphasize the strong DNA methylation difference between the maternal care groups in CpG unit 9 and 10 of the BDNF TS (supplementary Table 1 ), which is located at an mRNA polymerase 2 binding site and could therefore have direct functional consequences for BDNF transcription (Kent et al., 2002; Meyer et al., 2013) .
In sum, previous studies have indicated epigenetic alterations by early life stress in several stress-related genes across the whole genome animal and human. In this study, we extended these findings to altered DNA methylation in a BDNF and an OXTR target sequence measured in human peripheral blood cells. Several key questions should be addressed in future studies: (i) Is DNA methylation in these target sequences associated with peripheral BDNF or OXTR mRNA levels? and (ii) What is the specific functional relevance of these sequences with special regard to the effects of maternal care on mental health?
This study has several strengths. First, we considered blood cell count as a potential mediator in the association between maternal care and DNA methylation. Second, due to the inclusion of two candidate genes and two different target sequences within one of the genes, the findings indicate that maternal care-related differences in DNA methylation might depend on the investigated target sequences. Lastly, as the present data are hierarchical, with CpG units nested within genes, the use of covariance pattern models appears to represent a valuable extension to simpler models in which methylation values are first aggregated across CpGs and then analyzed using standard models like ANOVA or ANCOVA, which do not consider the internal consistency of CpG units. Indeed, our results suggest that CpG units exhibited different variances and covariances.
This study has the following limitations: First, due to the cross-sectional nature of the study, differences in DNA methylation between retrospectively assessed high and low maternal care cannot be interpreted causally. Second, an adverse maternal environment often comes with additional potentially stressful environmental factors, which could be linked to changes in DNA methylation. Furthermore, we did not assess current levels of stress, although OXTR TS2 showed some dynamic changes after acute psychosocial stress in our previous study (Unternaehrer et al., 2012) . Third, we did not confirm whether the participant's primary care person was the mother but specifically examined maternal care as predictor of DNA methylation. Fourth, maternal care was assessed using retrospective data and although studies on the psychometric properties of the PBI suggest a good retest stability, reliability and validity for this questionnaire (see ''Methods'' section), we cannot completely rule out residual bias by age, sex, mood or stress experience: (i) our sample included 10 participants over the age of 40 years and there are no studies investigating the stability of the PBI over a period that is longer than 20 years. Indeed, we found that participants in the low maternal care groups were older compared to the high maternal care group; (ii) we did not find any sex differences in the PBI scores, indicating no sex bias in our sample; (iii) we did not assess current state of mood or stress levels at the time of PBI completion, and thus cannot rule out that mood or current stress levels biased the PBI ratings. Fifth, DNA methylation was measured in peripheral blood and findings cannot be translated into neuronal or other tissue types, although there is evidence that DNA methylation of some genes might be correlated across tissue (Davies et al., 2012) . Additionally, BDNF is a complex gene with multiple exons and promoters. Although previous studies examining stress-or mental healthrelated differences in BDNF in the human periphery focused on exon I or exon IV (D'Addario et al., 2012; Dell'Osso et al., 2014; Fuchikami et al., 2011; Kang et al., 2013; Perroud et al., 2013) , we decided to examine a less studied region in BDNF exon VI. BDNF exons I and IV are mainly expressed in neuronal tissue (Pruunsild et al., 2007; Timmusk et al., 1993) , while BDNF exon VI transcripts are abundant across multiple peripheral tissues as well as neuronal tissue (Pruunsild et al., 2007) . Previously, DNA methylation of BDNF exon VI was associated with maternal smoking during pregnancy in blood samples of adolescent offspring (ToledoRodriguez et al., 2010) . Therefore, exon VI seemed a promising candidate region to study in the available peripheral blood specimen. Notably, findings published after data collection for the present study suggest that DNA methylation of BDNF exon I as measured in the periphery could be used to estimate DNA methylation of the same gene regions in the brain (Stenz et al., 2015) , making BDNF exon I another interesting candidate region. Sixth, the sample was derived from an ad-hoc student sample and might not be representative of the general population. Therefore, the study should be replicated in a larger, potentially more generalizable sample. Last, mediation analyses should be replicated in a study with a greater sample size, as our data set produced instable results (i.e. we found only a trend for the direct effect of maternal care on OXTR TS2 DNA methylation in the mediation models). Additionally, the use of multilevel structural equation models explicitly taking measurement errors into account might further improve statistical models for this type of data.
Conclusions
In conclusion, DNA methylation in a BDNF and one OXTR target sequence was greater in peripheral blood of adults reporting low compared to those reporting high maternal care during childhood and adolescence. These results could improve the understanding of how maternal care influences the epiphenotype in humans.
